Dark matter annihilation can have a strong impact on many astrophysical processes in the Universe. In the case of Sommerfeld-enhanced annihilation cross sections, the annihilation rates are enhanced at late times, thus enhancing the potential annihilation signatures. We here calculate the Sommerfeld-enhanced annihilation signatures during the epoch of helium reionization, the epoch where helium becomes fully ionized due to energetic photons. When considering the upper limits on the energy injection from the CMB, we find that the resulting abundance of He ++ becomes independent of the dark matter particle mass. The resulting enhancement compared to a standard scenario is thus 1-2 orders of magnitude higher. For realistic scenarios compatible with CMB constraints, there is no significant shift in the epoch of helium reionization, which is completed between redshifts 3 and 4. While it is thus difficult to disentangle dark matter annihilation from astrophysical contributions (active galactic nuclei), a potential detection of dark matter particles and its interactions using the Large Hadron Collider (LHC) would allow one to quantify the dark matter contribution.
I. INTRODUCTION
In the standard model of cosmology, dark matter comprises one of the dominant components in the energy budget of the Universe, amounting to about 28% according to Planck data [48] . Our knowledge of structure formation requires dark matter to be cold, with the standard interpretation thus considering weakly interacting massive particles (WIMPs), with particles' masses in the range of 10 − 1000 GeV. If the observed dark matter abundance is to be explained via thermal relics, the latter translates into a constraint on the annihilation cross section of σ χ v ∼ 3 × 10 −26 cm 3 s −1 [10] .
The resulting annihilation of dark matter can give rise to a number of astrophysical implications, which can potentially help to discover or constrain the true nature of dark matter. Comparing predictions of annihilation signals in the Galactic Center with observed fluxes in particular in the gamma-ray regime have led to strong upper limits particularly for dark matter candidates in the MeV range, including lower bounds on the dark matter particle mass [3, 4] , the s-wave annihilation cross section [56] and the annihilation rate into positrons [9] . Similar upper bounds have been inferred from the microwave excess observed with WMAP [35] .
The Galactic Center is particularly well-suited for such dark matter probes, as the enhanced dark matter density will naturally boost the annihilation rate. In fact, while there is evidence for various types of emission coming from that region, it is still a matter of ongoing debate whether the latter could be due to astrophysical effects. This includes the 511 keV line emission [13, 38, 72] , as well as the detection of GeV photons [14] , microwave photons [35] and positrons [19] . The Alpha Magnetic Spectrometer (AMS) on the International Space Station (ISS) recently confirmed with unprecedented precision [2] , previous measurements from the PAMELA [47] and FERMI [33] experiments showing a clear rise in the positron fraction above * bbandyopadhyay@astro-udec.cl † dschleicher@astro-udec.cl energies of 10 GeV [1] , which have been tested against pulsar and dark matter models [17] .
At early cosmic times the mean dark matter density in the Universe is high and this leads to potentially observable effects. This is already relevant during the epoch of recombination, where dark matter annihilation may increase the available energy input and affect both the temperature and polarization power spectra of the CMB [16, 46] . Specifically, it may cause an increased ionization fraction during recombination thereby causing an enhancement in the polarization signal at large angular scales [41] . Similarly, dark matter particularly in the MeV mass range has been shown to potentially influence the epoch of reionization, where the Universe has been reionized by the first sources of light, with possible contributions from self-annihilating dark matter. The latter has been shown by [40, 52] , including the derivation of upper limits for the dark matter annihilation cross section [55] .
However, also the more massive WIMPs have been shown to produce potentially relevant astrophysical effects. For instance, in environments of high dark matter densities, including the Galactic Center or the epoch of reionization, dark matter annihilation can act as a power source inside the stars and therefore alter their stellar evolution as well as the lifetimes [see e.g. 36, 58, 66, 67] . In the context of such models, it is conceivable that some of the first stars that formed in the Universe are still existing at the present day. It should however be noted that constraints and upper limits can be derived based on the observed gamma-ray background and the duration of reionization [57] .
As recently shown by [8] , the same may occur during the epoch of helium reionization, where highly energetic particles produced in dark matter annihilation events contribute to the transition from the singly-ionized state to the doubly-ionized state of helium. As shown in that study, the main contribution to this effect arises around redshifts of 2 − 4, where the clumpiness in the dark matter distribution is strongly increasing, thus considerably enhancing the annihilation signal. The epoch of helium reionization has been probed through the absorption lines of quasars, including Q0302003 [34, 37] , HS 1700+6416 [23, 26] , HE 23474342 [39, 50, 60, 65] ; and HST observations of PKS 1935-692 [5] , SDSS J2346-0016 [74] [75] [76] , Q1157+3143 [51] and SDSS J1711+6052 [76] . These data suggest helium ionization to occur between redshifts of 2.2 and 3.8.
While this study concerning the effect on helium reionization considered generic WIMP models with the cross section based on dark matter relics, the effective cross section at a given redshift may however be timedependent, depending on the annihilation mechanism. While annihilation through a p-wave channel with the cross-section scaling as v 2 [24] leads to a suppression in the s-wave contribution, processes like the Sommerfeld Enhancement, with the cross sections scaling as v −α for α > 0, can potentially enhance annihilation effects at late times. The latter could make the effect of dark matter annihilation more relevant at late cosmological epochs, including the epoch of helium reionization. We adopt here the Sommerfeld enhancement model by [29] , which gives rise to an increased effective annihilation cross section at late times, while maintaining the same initial cross section, and therefore fulfilling the constraint based on the relic dark matter density.
We present the overall framework of our investigation in section II, providing a summary of the previous formalism outlined by [8] . The specific effects due to dark matter annihilation, including our treatment of clumping and Sommerfeld enhancement, are then described in section III. In this section, we also provide a generalized definition of the dark matter clumping factor, which accounts for potential local variations of the Sommerfeld enhancement. The results are presented in section IV and discussed in section V.
II. THE IONIZATION EQUATION
In this investigation, we build up on the framework previously developed by [8] , which will be extended here to include the effect of Sommerfeld enhancement. In the following, we summarize the main equations with a brief discussion of the main physical processes. Our modified treatment of the dark matter will then be presented in the next section.
As a minimal model for early cosmic times, we consider here the ionization effects caused by collisional ionization of He + , energy injection by dark matter annihilation and the recombination to He + . In addition at late times, we also consider the effect of energetic photons from high redshift quasars. As has been shown by [31] they are the major contributors leading to the complete ionization of Helium in the IGM. The rate at which the mean ionized fraction of Helium evolves is given by
The second term describes the contribution from the annihilation of dark matter and is studied in detail in the next section. The first term here considers the ionization due to photons from quasars. IfṄ
is the total number of photons with energy greater than the double-ionization threshold of helium (54.4 eV) emitted per second by a quasar with luminosity L B and dφ dLB is the quasar luminosity function (QLF), then we have [31] 
The third and fourth term in eqn. 1 are the collisional and radiative recombination terms, respectively. 
while for the baryonic clumping factor (C = ρ 2 / ρ 2 ) we have chosen the following adaptation at various red-
We therefore adopt a uniform baryon density for z > 15 i.e. before a significant amount of structure formation has taken place. A value ofC = 3 is adopted for z < 6 which has also been considerd by [31] . A linear interpolation is then pursued in between. One can note that the baryonic clumping factor used here is smaller in comparison to those used in studies for hydrogen reionization [18, 55] . This is a valid assumption since helium reionization is driven by rare objects like quasars and therefore proceeds on larger spatial scales. The processes described here are important at different cosmological epochs and have a characteristic influence on the evolution of ionized helium at different times. Since the collisional ionization and recombination coefficients are strongly dependent on the IGM temperature, we have used the RECFAST code [54] to follow the gas temperature for z > 15. We then further assume that the IGM temperature rises to T = 10000 K during hydrogen reionization.
III. EFFECT OF DARK MATTER ANNIHILATION
To investigate the effect of dark matter annihilation on helium reionization including Sommerfeld enhancement, we adopt here a typical framework which is employed to study the impact of dark matter annihilation on hydrogen reionization [55] . This approach going back to [30] assumes that the dark matter particles annihilate into high-energy photons, which allows to determine the energy fractions going into heating, ionization and excitation. While [30] employed the simplified approach by [59] , we generalized the latter approach to include also the double-ionization of helium [8] adopting the formalism of [22] . Direct annihilation of dark matter particles to photons with thermal cross-sections however violate the HESS results [20] . We thus assume annihilation to intermediate electron-positron pairs which annihilate to photons. We adopt the on-the-spot approximation of energy injection, as used by [44] , into the IGM effectively assuming that the injection timescale is short compared to the timescale of cosmic evolution.
We note that of course more detailed energy injection mechanisms have been worked out in the past [28, 62-64, 69, 70] , which can potentially lead to additional energy losses. For instance, [28] have calculated the energy going into different processes for specific dark matter models, including a 10-GeV bino-like neutralino, a heavy dark matter candidate of rest mass 1 TeV that pair annihilates into muons, and a 200 GeV wino-like neutralino that pair annihilates into W + W − pairs. We also refer to very recent work by [63] which updated a lot of the microphysical processes. Others like [69] have worked out the energy cascade processes leading to energy depositions in the IGM.
Considering the overall uncertainties regarding the nature of dark matte and the various injection processes, we here intend however to not investigate specific models, but we rather focus on a generic dark matter scenario just with and without the Sommerfeld enhancement.
As described further in section III B, the Sommerfeld enhancement is treated here in a generic way, without considering possible resonances, that would diminish the Sommerfeld effect and bring the results closer to the standard scenario that was already investigated. Such a specific study can be pursued when there is a strong motivation for one particular dark matter candidate, but is not the focus of the work employed here. We note that an accurate treatment of the ionization processes of helium is ensured through the formalism of [22] , which allows us to precisely determine the amount of energy going into helium double-ionization.
In our approach, we thus write the ionization term due to dark matter annihilation k DM as
where σv is the thermally averaged cross section for annihilation and is a model dependent parameter. χ i is the fraction of energy that goes into ionizing He + and is defined as χ i = E/E ph , where E is the energy that goes into ionizing the atom while E ph is the energy of the incoming particle. The details of the energy cascade effect is in a way embeded in the parameter χ i as mentioned in [22] . The total energy required for ionization is E = N ×E ion where N is the total number of ionizations and E ion is the ionization threshold energy. From [22] , the mean energy per ion pair W = E ph /N is parametrically given as W = W 0 (1 + Cx α ), with parameters W 0 , C and α that depend on the gas composition. On substitution, one obtains χ i = E ion /W . For photons with energies greater than 1 keV and a cosmological mixture of hydrogen and helium gases the value of the constant parameters are W 0 = 16400 eV, C = 11.7 and α = 1.05.
For He
Here we consider three models (a) uniform density of dark matter with the cross section being the same as at freeze out, (b) clumping in dark matter due to the formation of large scale structures and (c) the cross section with a Sommerfeld enhancement factor. Since the exact dark matter particle masses are not known, we have chosen a 100 GeV and a 1000 GeV mass candidate for this exploration. We adopt here the bound obtained from Planck on the annihilation cross section i.e. σv 0 ∼ 3 × 10 −26 cm 3 s −1 in eqn. 6 [68] .
A. Clumpy dark matter
The dark matter annihilation rate depends on the square of its density. At early cosmic times we consider a uniform density of dark matter, but later dark matter starts clumping on account of large scale structure formation. This non-uniform distribution in density is accounted for by a clumping factor which describes the enhancement in the annihilation rate within the high density regions of dark matter halos. This clumping factor depends both on the number of such high density regions and the density profile within such halos. The cross section in eqn. 6 can be modified to include the clumping factor and can be written as σv = C halo σv 0 where C halo = 1 implies a uniform density.
Unlike our previous study [8] where we had considered NFW, Moore and Burkert profiles for the dark matter density distribution, we focus here on the NFW profile for illustrative purposes [42, 43, 53] , as it is also considered to be more realistic. We would however obtain qualitatively similar results when considering a different profile. We adopt here a similar approach to calculate the clumping factor as done by Cumberbatch et al. [21] . The clumping factor can be described as the ratio of the annihilation rate within the halos (Γ halo ) to the annihilation rate within the smooth background (Γ smooth ), i.e.
where
The annihilation rates here imply the number of dark matter particles annihilating per unit time. Here,ρ χ is the mean dark matter density, dn dM is the mass function which determines the number of halos in a unit mass range (we have used the Press-Schechter mass function [49] ) and R(M, z) is the rate of annihilation within a halo of mass M and redshift z, which is given by
For a halo with an NFW like density profile, the density distribution is a continuous function of the radius r and is given by
with α = γ = 1 and β = 3.
B. Sommerfeld enhanced cross section
Now to introduce a more realistic particle physics model, one needs to generalize the expression for the dark matter annihilation cross section which is dependent on the relative velocity of the dark matter particles. The cross-section can be modified to include the Sommerfeld Factor S such that σ χ v = C SHS (σ χ v) 0 [29] . If one considers the annihilation of dark matter particles χ into some intermediate particles φ which subsequently decay to standard model particles, then one can consider the tree level cross section dependence as
where for a typical weak scale m χ the thermal relic density implies a weak coupling α χ ≈ 0.05 [m χ /2 TeV]. In the case of α χ ≫ v [29] , we have the original Sommerfeld factor
The mean Sommerfeld FactorS for a non-relativistic velocity distribution is then
s /2 with z s ≡ v max /v 0 . In these expressions v 0 is the average velocity. The maximum velocity of particles within the halos can be approximated with the escape velocity of particles as v maxH = 2GM R while v 0H = GM R is the circular velocity within the halo. The mean velocity v 0N H of particles in the smooth background can be approximated to be the average thermal velocity given by v 0N H ≈ kTχ mχ , where T χ is the dark matter temperature. The dark matter temperature is a redshift dependent quantity and can be expressed in terms of the kinetic decoupling temperature (T kDχ ) and the redshift of decoupling (z Dχ ) of dark matter as T χ = T kDχ 1+z 1+zDχ The maximum velocity v maxN H in principle corresponds to the speed of light, but considering the typical velocity distribution, we make a cut-off at ten times the thermal velocity. In the general case, one thus expects that the enhancement within the haloS H may be different from the one in the smooth backgroundS N H . In the following, these velocities will be evaluated based on the halo mass M , assuming that at a given redshift, halos have a characteristic size following from their mass and virial density. With these assumptions, the clumping factor in eqn. 7 is modified to take into account the Sommerfeld enhancement via
where theS H,av is defined viā
. (15) The Sommerfeld enhancement factor cancels out in obtaining the clumping factor in case the contribution from the halo and the uniform component are equal, which in particular can happen in the saturated regime. CMB observations provide a stringent bound on the amount of energy injected at the epoch of decoupling, which then provides an upper bound on the maximal enhancement [ 32, 61] given as
This leads to the saturation of this effect for small values of the velocity. This bound is much lower than the one given by the particle physics models. It should be noted that the way the clumping factor has been defined here ensures that there is no double counting of the annihilation rates. In the absence of structures or halo formation, the clumping factor C SH = 1. Taking into account the modifications for the Sommerfeld Enhancement, eqn. 6 is rewritten as
We have not considered here the possible presence of resonances in the Sommerfeld enhancement, as such a case is highly model-dependent and essentially leads to a suppression in the s-wave annihilation cross section. This rather diminishes the contribution of the Sommerfeld enhancement at late epochs. Such potential cases may thus be expected to lie inbetween the calculations considered here and the calculations without Sommerfeld enhancement that we reported earlier [8] .
IV. RESULTS
The evolution of the ionized fraction of helium as a function of redshift is shown for various cases in Fig. 1 . In Fig. 1a and Fig. 1b one can see this evolution for a uniform dark matter density and for clumpy dark matter, respectively. In both cases we have assumed a constant cross section ( σv ∼ 3 × 10 −26 cm 3 s −1 ) for the 100 GeV and 1000 GeV dark matter particle masses. The difference in the ionized fraction for these masses clearly shows that the annihilation rate for a constant annihilation cross section is ∝ m −2 χ . For the case of uniform dark matter density we observe that the ionized fraction initially falls with redshift which shows the decrease in dark matter number density due to the expansion of the Universe. Then, there is a sudden increase at a redshift of 15 due to the increase in ionization temperature as a result of hydrogen ionization. Finally there is an increase in helium ionization due to the photons from quasars from about a redshift of 6 which completely ionizes helium at a redshift of about 2.5. On the other hand for clumpy dark matter we observe that there is an increase in helium ionization due to the clumping of dark matter due to the fact that the annihilation rate increases due to the increase in dark matter inhomogeneity during structure formation. We have assumed here a simple Press-Schechter mass function which shows an early peak in the annihilation rate compared to other models like Sheth-Tormen or the one by Watson et.el. [71] as seen in the works of [24] . This however will not affect our results much due to Sommerfeld enhancement as we have shown that this effect reaches its saturation value even before the epoch of decoupling and thus will not lead to a significant change in Helium ionization fraction due to Sommerfeld enhancement by choosing a different mass function.
In Fig. 1c we observe that in case of Sommerfeld enhancement the increase in the ionized fraction is the same for both dark matter particle masses. This shows that the enhanced cross section and the energy injected per annihilation for the higher mass compensates for the decrease in the number density. Thus we realize that in case of Sommerfeld enhancement the factor S(σ χ v)(m χ c 2 )/m 2 χ remains constant and is independent of the particle mass. This is expected when the Sommerfeld effect has reached its saturation value in the uniform background as well as in the halos.
We also show the effect of dark matter particle masses and Sommerfeld enhancement on the clumping factor. Fig. 2 shows that the clumping factor is independent of the dark matter particle masses because the clumping factor for the 100 GeV and 1000 GeV particles overlap and thus are not shown separately in the plot. The clumping factor is also independent of the Sommerfeld enhancement implying that this factor is equal for both the halos (S H ) and the uniform background (S N H ) are equal, as the Sommerfeld Effect is saturated both in the halos as well as the uniform background. This happens because the CMB bound of Sommerfeld factor is more stringent than the one obtained from simplified particle physics models. In Fig. 2 , we also observe that the clumping factor depends on the range of the adopted halo masses and the concentration parameters.
In Fig. 3 we have plotted the annihilation rates within the halos and for the smooth background for different scenarios as a function of redshift. Fig. 3a shows this evolution for the cases of annihilation with and without Sommerfeld enhancement for 100 GeV dark matter particle. It can be clearly seen that the ratio of the annihilation rates within the halo to the rate within the background in both the cases will be same. This confirms our result for the behavior of the clumping factor, which is defined as the ratio of these two quantities. This kind of a behaviour is possible only if the Sommerfeld effect reaches its saturation value both in the uniform and clumped regions much before the epoch of decoupling. The behaviour for the 100 GeV and 1000 GeV dark matter particles is very similar as shown in Fig. 3b . While the annihilation rate for the 1000 GeV dark matter candidate is reduced compared to the case of 100 GeV candidate, the evolution of the ionized fraction of helium is the same in both cases, as the energy released per annihilation by a 1000 GeV candidate is greater compared to a 100 GeV candidate, thus compensating for the lower annihilation rate. In Fig. 3c we show the annihilation rate within the halos for various mass ranges of the halos for the 100 GeV dark matter particles. For comparison we have also plotted in the same figure the rate of annihilation for the background.
We also compare the evolution of the ionized fraction in Fig. 4 for the three scenarios adopting dark matter particle masses of 100 GeV and 1000 GeV. It can be clearly seen that for the scenario of clumping without Sommerfeld enhancement the ionized fraction is suppressed at all redshifts and the suppression is larger for the 1000 GeV dark matter candidate. In Fig. 5 we have shown the evolution of the ionized fraction with Sommerfeld enhancement with various halo mass ranges and we observe that both dark matter particle masses lead to identical results for the various halo mass ranges.
V. DISCUSSION AND CONCLUSION
We have investigated the effect of annihilation of clumpy dark matter with Sommerfeld enhanced cross sections on the epoch of helium reionization. Here we have used the Sommerfeld enhancement model of particle physics [29] which suggests that the cross section of annihilation gets enhanced by a factor of v −1 , considering the upper bounds available from the CMB [32, 61] . Our results show a clear enhancement of the annihilation signal compared to the case without the Sommerfeld effect. In addition, we find that the resulting abundance of He ++ becomes independent of the mass of the dark matter particle, as the enhanced cross sections for the larger dark matter particle masses compensate for the lower number density of the particles. The independence of the dark matter particle mass results from adopting the limits on energy injection from the CMB. If instead we were to calculate the ionization based on particle physics models (which depends on the weak coupling constant), a mass dependence would likely be retained. The latter thus leads to a qualitative change on how dark matter annihilation affects helium reionization, and we expect that similar results would apply for the epoch of hydrogen reionization as well [see e.g. 40, 52, 55] . Various annihilation channels can lead to the production of electron positron pairs but as shown by [29] the 4 − µ channels is the most probable channel. Such uncertainities need to be taken into account for a more careful modeling.
We also find that the Sommerfeld enhancement saturates quite early, thus leading to the same relative enhancement of the annihilation rate both in the homogeneous background as well as in collapsed halos. Due to this early saturation, the clumping factor of the self-annihilating dark matter turns out to be the same as the case without Sommerfeld Enhancement. As in our previous study [8] , the contribution of dark matter annihilation to helium reionization becomes most relevant between redshifts of 2 − 5, where the contribution from quasars also rises significantly. Also in the presence of a Sommerfeld enhancement, it is thus still difficult to disentangle both contributions, requiring a rather precise census of energetic photons produced via AGN. Alternatively, if potential dark matter particles and their interactions are detected at the Large Hadron Collider (LHC), one may work out the resulting contributions to the helium reionization. As we find here, these would be independent of the dark matter particle mass, at least in the presence of Sommerfeld enhancement.
The calculations presented here of course assume that dark matter consists of WIMPs. While this is still considered as the main hypothesis to explain the abundance of dark matter, we note that the recent LIGO detections of black hole mergers [6, 7] have stimulated the debate whether primordial black holes may partly contribute to the dark matter density in the Universe [12] . Similarly, the larger diversity of dwarf galaxy rotation curves [45] and the ambiguous explanation of small objects like Hercules [11] and Segue 1 [25] remains a challenge within the current paradigm. We therefore expect that a clear detection of the dark matter particle, for instance via the LHC or as an astrophysical signature via the Cherenkov Telescope Array (CTA) will be necessary to uniquely identify the nature of dark matter. 
